Introduction
Since the beginning of the 20th century, there has been a decrease in forest cover in Mediterranean ecosystems (Brasier 1992) . This decline reflects the great susceptibility to infection of Iberian trees of Quercus forests (Moralejo et al. 2009 ). Since the beginning of the nineteen-eighties, oak decline has been observed in the Iberian Peninsula as well as other parts of the world, and this decline is considered a complex syndrome involving many factors (Anselmi et al. 2005 ). This phenomenon is regarded as serious in the southwest of the Iberian Peninsula, it being reported that the trees are affected by a root disease caused by the plant-pathogenic oomycete species Phytophthora cinnamomi Rands (Gallego et al.1999; Sánchez et al. 2002) .
Worldwide, P. cinnamomi is having a major impact on a wide range of forests and tree crops of several species: Pinus spp., Eucalyptus spp. and Quercus spp. (Podger 1972; Batini et al. 1974; Malajczuk et al. 1977; Cahill et al. 1993; Serrano et al. 2012b; Eggers et al. 2012) . Infecting a wide variety of host species, this pathogen has been confirmed to be the main agent involved in the impoverishment of Quercus forests in the southeast of the Iberian Peninsula (Brasier et al. 1993; Gallego et al. 1999; Sánchez et al. 2002; Camilo-Alves et al. 2013) . Specifically, various studies have shown that the presence of P. cinnamomi in Quercus ilex L. and Quercus suber L. weakens their root systems (Moreira and Martins 2005) . One of the first effects of this weakening is dieback of fine absorbing roots, impairing their function and contributing to a progressive deterioration of the tree health, leading to plant death in most cases (Brasier et al. 1993; Horta et al. 2010) .
When P. cinnamomi enters the host, it multiplies rapidly, producing new infectious zoospores that reach neighbouring roots when the soil is water saturated (Horta et al. 2010) . Young actively growing plants with a high proportion of absorbing roots are particularly sensitive, as this type of root is the most affected (Marçais et al. 1996) . Hence, measurements related to secondary roots are considered to be effective for detecting infection by this pathogen (Robin et al. 2001 ) and exploring differences in its effect between species, populations or genotypes (Cahill et al. 1993; Belisario et al. 2009 ). At the time of infection, a high density of inoculum is a necessary condition; in addition, infection depends on various environmental factors (Moralejo et al. 2009 ).
Further, the development of P. cinnamomi infection is influenced by the susceptibility of the host species (Serrano et al. 2012a) . Several studies have shown that this pathogen aggressively attacks Q. ilex and Q. suber (Rodriguez Molina et al. 2002; Moralejo et al. 2009; Serrano et al. 2012b; Sánchez et al. 2005) , while it does not seem to cause severe lesions in other Quercus species (Marçais et al. 1996) . In general, inoculating Quercus species with this pathogen induces a reduction in leaf water potential and losses in active secondary roots (Robin et al. 2001; Luque et al. 1999) , but the susceptibility of the root system to the disease varies by host species (Moralejo et al. 2009 ).
In this context, the aim of our study was to investigate differences in the symptoms of disease due to infection by P. cinnamomi between Q. ilex and Q. suber. To achieve this, we inoculated seedlings of these two species with a mycelial suspension of the pathogen, and assessed the root regeneration potential and plant water status under nursery conditions. The primary objective of this study was to explore the potential usefulness of a set of quantitative variables in improving our ability to detect differences in susceptibility between the species. Secondary objectives were to assess differences in responses in terms of rate of survival and new root production between tree species.
Materials and methods

Plant material
The vegetal material studied was grown from acorns collected in Huelva province from October to December 2008 from 10 trees of each species, Q. ilex and Q. suber, in an area affected by oak decline in the southwest of the Iberian Peninsula. To collect the acorns, we set a minimum distance of 100 m between trees to reduce the chance of using individuals that were closely genetically related (Tapias et al. 2004) . At least 300 acorns from each tree were collected, washed and disinfected with bleach (NaClO) (0.1% v/v). These were stored in the dark at 4 °C until use. At the beginning of February 2009, the acorns were laid on trays of damp perlite for pre-germination (Andivia et al. 2013) , the aim being to shorten the germination period and achieve greater uniformity in germination across the sample. Fifteen days later, almost all the acorns had germinated. We randomly selected 200 acorn sprouts per tree transplanted them into 330 cm 3 Superleach ® Bardi containers containing a peat-vermiculite mixture (3/1 v/v) (Tapias et al. 2004) . Seedlings from the two species were randomly distributed into different trays, which were placed in semi-shade (under 50% shade cloth). Trays were watered continuously as required and regularly moved during the growth cycle to minimise positioning effects (Tapias et al. 2004 ).
Pathogen material
After a year of growth, in March 2010, seedlings were inoculated by application of a water suspension of chlamydospores and mycelia (Sánchez et al. 2001 ) to the root. To achieve effective infection (Eggers et al. 2012) , the inoculum contained three isolates of P. cinnamomi (P37, P45, and P203). These were previously held in the Department of Agroforestry Sciences at the University of Huelva and characterised by the Unit of Agricultural Sciences and Technologies at the University of Algarve (Faro) and Aeeiro Plant Pathology Station (Pontevedra). Mycelia of each of the three strains were first grown in Petri dishes in V8 juice agar medium (Miller 1955) in the dark at 20 °C for 1 month. Then, once separated from the culture medium, they were blended with distilled water. To determine the appropriate inoculum level to produce symptoms in the seedlings, we produced sets of solutions containing different concentrations of active P. cinnamomi mycelia as well as the control. Inoculum level 1 (dose 1, D1), inoculum level 2 (dose 2, D2) and inoculum level 3 (dose 3, D3) were solutions containing, respectively, the mycelia from 1.5 Petri dishes (half the mycelia grown in a Petri dish per strain for each of the aforementioned strains of the pathogen), 6 Petri dishes (2 dishes per strain), and 24 Petri dishes (8 dishes per strain); in each case, the mycelia were mixed in 300 ml of distilled water. Before use, the mixture was stirred and, for each inoculum level, 10 ml of solution of the infectious inoculum was injected into the root ball of each seedling, in three places to ensure a broad distribution of the mixture (Horta et al. 2010 ).
Experimental design
With the goal of quantifying the development of the root system, after inoculation, for each species, batches of 20 randomly-selected seedlings per inoculum level were transplanted into 45-l expanded polystyrene boxes (40 × 49 cm) containing wet perlite. This experiment was performed in duplicate. Humidity and temperature were controlled (relative humidity >70%; air temperature of 30-35 °C) throughout the period of the trial. To favour infection and the production of zoospores, seedlings were exposed to flood-drought cycles (water saturation up to 5 cm from the top of the box for 2 days, followed by the drainage of excess water and a gap of 5 days, without causing severe stress) (Sánchez et al. 2001) . As the boxes were made of an opaque impermeable material, the water level inside was estimated using the principle of communicating vessels, with an external system of transparent tubes, connected to each box.
Symptom assessment
After 45 days of exposure to flood-drought cycles, we selected 15 seedlings per species and treatment to assess root regeneration potential, using quantitative and qualitative parameters to describe: the size of the new roots developed before the infection; the production of roots since the infection, the pathogen tending to colonize roots around the periphery of the root ball; and the health status of the root system.
Initially, we cut free and washed the new secondary roots produced around the outside of the root ball in the perlite bed, and determined the new root dry weight (NRW) and length (NRL). We then removed the root ball, and washed the roots carefully with running water. Once the root system was free of soil, we separated, dried and weighed the secondary roots (SRW) and the primary root (PRW), contained in the root ball and produced before the infection, and also measured the length of the primary root (PRL). To determine the dry weights, the roots and above-ground biomass were oven dried at 80 °C to constant weight, this taking 2 days. We calculated the weightto-length (W/L) ratio for new roots to assess their thickness. Regarding the above-ground parts of the seedlings, we weighed the dried main stem (including leaves) (MSW) and measured its length (MSL). Then, we counted the number of leaves (NL) on each seedling. We calculated the total weight of the seedling (TW) as the sum of MSW + PRW + SRW, reflecting the initial seedling size. All weights were measured in grams with a precision balance and all lengths in centimetres with a meter stick.
In addition, we made a visual assessment of leaf damage and defoliation on each seedling using the classification described in Sánchez et al. (2001) . Seedlings with 0 to 10% of leaf damage were categorised as class 0; 11 to 25% as class 1; 26 to 75% as class 2; 76 to 90% as class 3, and over 90%, including plants without foliage, as class 4.
On the other hand, we measured the pre-dawn xylem water potential (Ψ) for each seedling using a pressure chamber at the end of the experiment for Q. ilex and Q. suber seedlings (Model 1000, PMS Instruments, Corvallis, OR, USA). For this, we selected two leaves from each seedling (all from the middle of the plant) in the morning before they were exposed to direct sunlight. These were cut and kept in the dark, in plastic bags in a fridge, for delivery to the laboratory, and measurements were taken for all leaves within 30 minutes of when they were cut (Carevic et al. 2010 ).
Pathogen reisolation
To confirm that infection had indeed developed in the seedlings inoculated with P. cinnamomi, we obtained 2-cm long fragments of dead roots and washed them for 4 h under running water. The dead roots were cut into 3-4 mm segments, with sterile scalpels, and placed in Petri dishes containing 20 cm 3 of NARPH (Nistatine-Ampiciline, Rifampicin, Penta cloro nitro benzene, Himexazol) selective medium (Horta et al. 2010) . For each of the treatment groups and for the control, 60 fragments (in 10 Petri dishes each containing 6 fragments) were cultured in the dark at 25 °C for 4 days.
Data analysis
After assessing the correlations between pairs of study variables, we carried out a two-factor analysis of variance (ANOVA) with NRW, NRL, W/L ratio and Ψ as dependent variables and species and inoculum level as independent variables. We considered TW as a covariate, to take into account the initial size of the seedling, and species (S) and inoculum level (D) as fixed factors. When the ANOVA results were significant, we performed Tukey's test for multiple comparisons, with a significance level of 5% (p < 0.05).
For each species, we assessed the effect of each inoculum level on the root regeneration potential by comparing the slopes of the regressions between the dependent variables, NRW and NRL, and seedling size (TW). 
Results
After one growing season (seedlings in their first season), there were differences in size between the two species (Table 1) . In Q. suber, the stems and primary roots were twice as long and heavy as those of Q. ilex, and there were also 35% more secondary roots within the root ball. These parameters did not change significantly during the infection trial. All the variables related to the initial seedling size, both for the above-and below-ground parts, were positively correlated (p < 0.001), and hence analysis focused on the variables associated with root regeneration.
Forty-five days after infection, we observed significant differences between the two species in the rate of production of new roots (around the original root ball), both under control (noninoculated) and infection (inoculated) conditions (Figs. 1-3) . In control seedlings, we found differences in NRW, with weights of 0.02 ± 0.00 g in Q. ilex and 0.10 ± 0.03 g in Q. suber (p < 0.001), and also in NRL, new roots being significantly longer in Q. suber (29.76 ± 4.58 cm, n = 15) than Q. ilex (18.84 ± 3.72 cm, n = 15) (p < 0.001).
Further, the production of new roots was associated with seedling size and with inoculum level (Figs. 1-3 ), but the relationship was different for weight and length and varied between the species. No differences in response between species were found for control seedlings. NRW was Table 1 . Comparison of the mean values (±SE) of secondary root, primary root and the main stem weights (SRW, PRW and MSW, respectively) and main stem length (MSL), visual above-ground assessment (VA); and water potential (Ψ) in Quercus ilex and Quercus suber control seedlings (n = 45) 45 days after inoculation.
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PRW ( correlated with seedling size (TW) both for Q. ilex (Fig. 1 , p = 0.006) and Q. suber (Fig. 2 , p = 0.001). Considering all treatments, the significance decreases with increasing inoculum level (as the slope of the regression line decreases). In Q. suber, both NRW and NRL were associated with seedling size and inoculum level but in different ways. The slope of NRW vs TW decreases with inoculum level (Fig. 2) ; however, the slope of NRL vs TW increases with inoculum level (4.07 ± 0.94 b; 7.55 ± 0.94 a; 7.78 ± 0.94 a and 5.61 ± 0.89 b cm g -1 for C, D1, D2 and D3 respectively). On the other hand, in Q. ilex, the slopes of NRW (Fig. 1 ) and NRL (6.40 ± 0.93 a; 4.12 ± 0.83 b; 3.09 ± 0.96 bc and 1.55 ± 0.81 c cm g -1 for C, D1, D2 and D3 respectively) versus TW both decrease with inoculum level. Fig. 3 shows the mean values of NRW and NRL for the two species as a function of inoculum level. These data confirm the results of the slope analysis, i.e., the two species behave differently in terms of length and weight. NRW decreases with increasing inoculum level in both species, while the length of new roots outside the root ball (NRL) in inoculated seedlings decreased in the case of Q. ilex, but increased in the case of Q. suber (Fig. 3b) .
In Q. ilex, we did not find significant differences in W/L ratio between controls (8 10 -4 ± 1 10 -4 g cm -1 ) and inoculated seedlings (6 10 -4 ± 1 10 -4 g cm -1 ). In contrast, for Q. suber, differences were significant (p < 0.001), the ratio being higher for controls (3 10 -4 ± 2 10 -4 g cm -1 ) than inoculated seedlings (1 10 -4 ± 2 10 -4 g cm -1 ) (p < 0.001). Fig. 3 . a) New root weight (NRW; mean ± SD) and b) new root length (NRL; mean± SD) for each of study Inoculum level (C, control; D1, dose 1; D2, dose 2 and D3, dose 3) in seedlings of Quercus ilex (Qi) and Quercus suber (Qs) (n = 45). Fig. 4 . Results of visual above-ground assessment (symptom score, mean ± SD) for each of the study Inoculum level (C, control; D1, dose 1; D2, dose 2 and D3, dose 3) in seedlings of Quercus ilex (Qi) and Quercus suber (Qs) (n = 120).
The inoculum level also affected the position of the new roots with respect to the root ball, the pattern varying between species. In controls, we found a proliferation of new roots all around the root ball in both species. In contrast, in inoculated seedlings, we found root proliferation in Q. suber all over the root ball, whereas Q. ilex only developed new roots around the upper half of the root ball, that is, the portion close to the surface during the flood-drought treatment.
No significant differences were detected in either of the species by visual above-ground assessment of the seedling (Fig. 4) . On the other hand, root necrosis followed the expected pattern. That is, the root system was increasingly severely affected as the inoculum level increased in both species.
In terms of xylem water potential at the end of the trial, Ψ, we did not find any significant differences between the species (Fig. 5) , both having a similar pattern of response. We did, however, find dramatic and significant differences in water potential between control and inoculated seedlings (p < 0.001).
P. cinnamomi was reisolated from samples of necrotic absorbing root tissue in 75% to 95% of cases in both species in inoculated plants. As would be expected, the pathogen was not observed in any cultures from control roots.
Discussion
Analysis of root regeneration potential is an effective methodology for assessing differences in susceptibility between species under controlled inoculation with P. cinnamomi. Differences in root regeneration potential have previously been found in research on cold tolerance (Gratani et al. 2003) , drought resistance or the effect of different watering regimens (Ogaya and Peñuelas 2003; Andivia et al. 2013) , and fertilization (Gimeno et al. 2009 ). In our study, we firstly explored a set of quantitative variables that might help to detect differences in susceptibility between species, populations, families or individuals, improving on analysis based on qualitative variables (survival or degree of damage) used in most studies (Sánchez et al. 2001; Tapias et al. 2004; Horta et al. 2010) . We found that root regeneration potential, together with water potential, reveals significant differences in short periods of time, and hence could be used for early selection.
Secondly, our research suggests that the infection by P. cinnamomi has a different effect on the two Quercus species studied. In general, we confirm the symptoms of the disease as described in numerous previous studies (Brasier et al. 1993; Sánchez et al. 2001; Tapias et al. 2004; SghaierHammami et al. 2013) , namely, decreases in the production of new roots, in terms of weight and length, as well as in the development of functional roots during growth. Dieback of absorbing roots is also observed followed by root necrosis (Widmer et al. 2012) , and as a consequence, there is a loss in plant vigour, leaf damage and defoliation (Horta et al. 2010) . Notably, however, regarding the symptoms observed in the roots, we found differences between the species. In the Q. ilex seedlings inoculated with P. cinnamomi, there was a sharp reduction in the development of new roots, as shown in other studies (Robin et al. 2001; Moralejo et al. 2009 ). In contrast, after inoculation, Q. suber seedlings developed a larger number of secondary roots; these were longer, but thinner than those in control and had a lower overall weight. The symptoms of root necrosis and damage to the above-ground parts of the seedling 45 days after the inoculation are similar to those observed by Horta et al. (2010) over longer periods of time.
Overall, our data suggest that, unlike Q. ilex, Q. suber has mechanisms for responding to infection that allow it to develop even with high levels of infection. Evidence of differences in response supports the view that Q. suber is more tolerant to the disease than Q. ilex. This view is consistent with the first susceptibility studies on these species after root inoculation of P. cinnamomi (Brasier et al. 1993; Robin and Desprez-Loustau 1998; Sánchez et al. 2001) .
We found significant differences in pre-dawn leaf water potential between control and inoculated seedlings. Leaf water potential in control seedlings of both species was similar to that reported in other studies on trees of similar age with good growth despite moderate levels of stress (Moralejo et al. 2009 ). Infection seems to trigger a decrease in leaf water potential, inoculated seedlings having lower values than controls. Hence, we confirm that infection by P. cinnamomi is associated with a reduction in water potential in both Q. ilex (Robin et al. 2001) and Q. suber (Luque et al. 1999 ). Other authors suggest that the stress suffered by seedlings due to flood-drought cycles also contributes to the reduction in water potential, although to a lesser extent than infection (Robin et al. 2001) . On the basis of our results, however, we refute the idea that the decrease in water potential is exclusively due to water stress due to flood/drought cycles as indicated by other authors (Dawson and Weste 1984) , and instead, attribute it to a marked deterioration of the root system.
Our results are similar to those of Marçais et al. (1996) who reported different responses to P. cinnamomi in Quercus and Castanea species. Specifically, in Quercus, the pathogen most severely affects the primary root, while secondary roots are more resistant.
Root necrosis caused by infection results in a decrease in water absorption, eventually affecting the above-ground parts causing leaf yellowing, damage and death (Brasier et al. 1993) . In this study, we have observed the initial effects of infection, the lack of damage to woody roots or above-ground parts of the seedling being attributable to the short duration of the study.
To conclude, the response mechanisms to infection by P. cinnamomi seem to be different in the two species under study. Specifically, the greater susceptibility of Q. ilex compared to Q. suber is closely related to its root regeneration potential. R.M., Abdelly C., Jorrín-Novo J. (2013 
